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REMARKS 

Claims 1-6 and 9-10 remain pending in the present application. New claim 9 is similar 
to originally filed claim 6 as amended to include the limitations of originally filed claim 8. 
Claim 9 is enabling as a power amplifier, and thus overcomes the Examiners 35 U.S.C. §1 12, 
second paragraph rejection of original claim 6 in a previous office action. New claim 10 is 
similar to originally filed claim 7 as amended in accordance with the Examiner's suggestion in a 
previous office action to form proper antecedent basis. Applicant has attached a marked up 
version of claims 9-10 to indicate the differences between claims 9-10 and original claims 6-8. 
The scope of claims 9-10 is at least as broad as original claims 6-8, however, no new matter has 
been added. All the present claims are believed to be clear and definite and are believed to be 
patentably distinguished over the prior art of record. Reconsideration of the pending claims and 
allowance is respectfully requested in view of the following comments. 

The 35 U.S.C. §132 objection to the Specification 

The Examiner has objected to Applicant's amendment mailed on January 8, 2002 in 
response to an office action dated September 18, 2001. The objection is pursuant to 35 U.S.C. 
§132 on the grounds that Applicant's January 8, 2002 amendment introduces new matter. 
Applicant respectfully disagrees. 

As detailed in the VERSION WITH MARKING TO SHOW CHANGES MADE to the 
Specification that was attached to Applicant's January 8, 2002 amendment, Applicant has simply 
removed formulas depicted in the figures and added them to the written detailed description of 
the specification. More specifically, Applicant has removed the characteristic equation from 
Fig. 1 and added the equation to Paragraph 23 of the specification. Further, Applicant has 
removed the characteristic null equation depicted on Figs. 2a-2c and added the equation to 
Paragraph 24 of the detailed description. The proposed drawing corrections removing these 
equations from Figs. 1 and 2a-2c were approved by the Examiner. For the foregoing reasons, 
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Applicant respectfully requests the Examiner to remove objections to Applicant's January 8, 
2002 amendments to the specification. 

The Drawings 

Applicant has submitted herewith substitute formal drawings to the Official Draftsperson 
based on the Examiner's approval. 

Claim Rejections pursuant to 35 U.S.C. §112, second paragraph 

Claims 4, 5 and 6 were rejected pursuant to 35 U.S.C. §1 12, second paragraph. 

With regard to claim 4, the Examiner has questioned whether the term "multiple 
feedback filter" as disclosed in claim 4 is well-known in the art. Applicant has attached as 
Exhibit A Chapter 76 entitled "Single- Amplifier Multiple-Feedback Filters" from The Circuits 
and Filters Handbook! p. 2372-2384, Wai-Kai Chen ed. (1995). In addition to the title of the 
chapter, further evidence that the meaning of the term "multiple feedback filter" is well-known 
in the art is provided by equation 76.7 on page 2373, which is a voltage transfer ratio describing 
the arrangement commonly referred to as a multiple-loop feedback structure. 

The term "state variable filter" as disclosed by claim 5 was similarly questioned by the 
Examiner with regard to being well-known in the art. Applicant has attached as Exhibit B an 
excerpt entitled "77.6 State- Variable-Based Biquads" from The Circuits and Filters Handbook. 
p. 2401-2406, Wai-Kai Chen ed. (1995), As indicated at the bottom of page 2401 and the top of 
page 2402, filters based on analog computer structures derived from the state-variable 
representation of linear continuous systems are referred to as state-variable filters. Applicant 
respectfully requests the removal of the rejection of claims 4 and 5 pursuant to 35 U.S.C. §112, 
second paragraph since claims 4 and 5 particularly point out and distinctly claim the subject 
matter of the invention, and are therefore proper. 
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Claim 6 has been amended as the Examiner has recommended as detailed in the attached 
version with markings to show changes made. Accordingly, Applicant respectfully requests the 
removal of the rejection pursuant to 35 U.S.C. §1 12, second paragraph of claim 6. 

Claim Rejections pursuant to 35 U.S.C. § 102(b) 

Claims 1, 4 and S were rejected pursuant to 35 U.S.C. § 102(b) as being anticipated by 
Chew et al. (U.S. Patent No. 5,107,491 hereinafter referred to as "Chew"). Applicant 
respectfully disagrees for at least the following reasons. 

Applicant's Claim 1 discloses an active low-pass filter system that includes a low-pass 
filter circuit and an isolated-integrator band-reject filter. The low-pass filter circuit includes a 
resistive forward signal flow branch. The isolated-integrator band-reject filter is coupled with 
the low pass circuit forward signal flow branch. 

Chew teaches, in Fig. 1, a single low pass filter stage 12 and a notch filter stage 14 (band 
reject filter). The output 40 of the low pass filter stage 12 is coupled to the input 42 of the notch 
filter stage 14. In contradistinction to Chew, claim 1 discloses that the isolated-integrator band- 
reject filter is coupled with the resistive forward signal flow branch of the low pass filter circuit. 
Referring to Figs. 2a-2c and 4, it is clearly illustrated that coupling of the isolated-integrator 
band-reject filters (20) with the resistive forward signal flow branch(es) does not occur at the 
output (Out) of the low pass filter circuit (22, 24, 26, 28, 30). (see specification paragraphs 24, 
26, 28 and 44) Accordingly, the isolated-integrator band-reject filter is not coupled with an 
output of the low pass filter circuit as taught by Chew, and Chew does not suggest or disclose 
the configuration disclosed by claim 1. In fact, Chew does not teach a resistive forward signal 
flow branch in a low pass filter circuit at all. Accordingly, Applicant respectfully requests the 
Examiner to withdraw the rejections pursuant to 35 U.S.C. § 102(b) of claim 1 and 
corresponding dependent claims 4 and 5 which depend therefrom. 
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Claim Rejecti ns pursuant to 35 U.S.C. § 103(a) 

Claim 2 was rejected pursuant to 35 U.S.C. § 103(a) as being anticipated by Chew in 
view of prior art Fig. 1 of Applicant's specification. Claim 3 was rejected pursuant to 35 U.S.C. 
§ 103(a) as being anticipated by Chew in view of Sallen et al. Applicant respectfully traverses 
these rejections for at least the following reasons. 

Chew has been discussed previously. The Examiner has postulated that it would have 
been obvious for one skilled in the art to use the prior art Fig. 1 isolated-integrator band-reject 
filter for the notch filter of Chew. As previously discussed, Chew fails to teach, suggest or 
disclose that the isolated-integrator band-reject filter is coupled with the resistive forward signal 
flow branch of a low-pass filter circuit. As such, including a resistor for tuning within the low- 
pass filter circuit as disclosed by claim 2 is clearly not obvious. Following the teaching of Chew 
and prior art Fig. 1 provides the resistor for tuning beyond the output of a low pass filter not 
within the low pass filter as disclosed by claims 1 and 2. Similarly, coupling the isolated- 
integrator band-reject filter with the resistive forward signal flow branch of Sallen & Key filter 
is clearly not obvious. The combined teaching of Chew and Sallen et al. at best provides a notch 
filter coupled to the output of a Sallen & Key filter, not an isolated-integrator band-reject filter 
within a Sallen & Key filter as disclosed by claims 1 and 3. Accordingly, for at least the 
foregoing reasons, Applicant respectfully requests the removal of the 35 U.S.C. §103(a) 
rejection of claims 2 and 3. 

Applicant believes that claims 1-6 and 9-10 are allowable in their present form and that 
this application is in condition for allowance. Accordingly, it is respectfully requested that the 
Examiner so find and issue a Notice of Allowance in due course. Should the Examiner deem a 
telephone conference to be beneficial in expediting allowance of this application, the Examiner 
is invited to call the undersigned attorney at the telephone number listed below. No fees are 
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believed to be due at this time, however, should any fees be deemed required, please charge such 
fees therefor to Deposit Account No. 23-1925. 



Attachments: VERSION WITH MARKINGS TO SHOW CHANGES MADE pgs. 8-9. 
Exhibits A and B 

BRINKS HOFER GILSON & LIONE 
One Indiana Square, Suite 242S 
Indianapolis, Indiana 46204-2033 
Telephone: (317)636-0886 
Fax: (317)634-6701 




Sanders N. Hillis 
Attorney Reg. No. 45,712 
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VERSION WITH MARKINGS to show changes made 
Please amend Claim 6 and add Claims 9-10 as follows: 

6. (Twice Amended) A power amplifier system for driving a load comprising: 
a pulse width modulation power circuit creating ripple spectra; 
an error amplifier and modulator circuit connected to an input of the pulse width 
modulation circuit; 

a demodulation filter connected between said pulse width modulation power circuit and 
the load; 

a feedback control loop coupled to said error amplifier and modulator [pulse width 
modulation power] circuit and including: 
an active low-pass filter; 

a first resistive voltage divider circuit coupled between the output of said demodulation 
filter and a first input of said low-pass filter; 

a feedback demodulation filter coupled to a second input of said low-pass filter and 
including at least one isolated-integrator band-reject filter; and 

a second resistive voltage divider circuit coupled between the output of said pulse width 
modulation power circuit and said feedback demodulation filter. 

[6.]2. (New) A power amplifier system for driving a load comprising: rc^^i^^ 
a pulse width modulation circui t having an input and an output, said pulse width 

modulation circuit operable to creat[ing]e ripple spectra; 

an error amplifier and modulator circuit connected to said input of said pulse width 

modulation circuit: 

a demodulati on filter connected to said output of said pulse width modulation circuit: 
a feedback control loop coupled to said error amplifier and modulator circuit and to said 
output of said pulse width modulation circui t, said feedback control loop [and] including [an 
active low-pass filter, said low-pass filter including] a feedback demodulation filter* [and] 
wherein an isolated-integrator frequency-rejecting network is included as part of said feedback 

H^mnHiila tion filter. 
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[7.110. (New) The system of Claim [6]9, wherein [the] said isolated-integrator 
fluency-rejecting network is an isolated-integrator band-reject filter, including a resistor for 
tuning the band-reject filter. 
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76.1 Introduction r . 

In this section we will consider the design of second-order sections that incorporate a single 
operational amplifier. Such designs are based upon one of the earliest approaches to RC active 
filter synthesis, which has proven to be a fundamentally sound technique for over 30 years. 
Furthermore, this basic topology has formed the basis for designs as technology has evolved 
from discrete component assemblies to monolithic realizations. Hence, the circuits presented 
here truly represent reliable well-tested building blocks for sections of modest selectivity. 

76.2 General Structure for Single-Amplifier Filters 

The general structure of Fig. 76.1 forms the basis for the development of infinite-gain single- 
amplifier configurations. Simple circuit analysis may be invoked to obtain the open-circuit 
voltage transfer function. For the passive network: 

k=ynVi+ynV2+yuVi (76.1) 

h = y2iV l +y 22 V 2 + y 23 V 3 (76.2) 

h^ynVi+yjM + y^ (76.3) 
For the amplifier, ideal except for finite gain A: 

V 3 = -AV 2 (76.4) 

2372 0-8493-854 1 -2/9S/JO00 ♦ $30 
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FIGURE 76.1 General infini.e-gain single-amplifi*. structure . 



•A 



expression for the voltage 
: • • (76.5) 



°°' ^ W "» W « low frequencies, the above ex, 



^32 



expression reduces to the more 



(76.6) 



Actions for structures conSle ilT t ***** ^ond-order 

of sensitivity and tum^F^m^ t Tr"?" 1 ** t0 ^Voblems 

12] or parallel ladder ™™ ,7, * T- ? ^° ns double-element rep] [acements 

is inferior to thataisuS "Eb*L r . - D ?^° ^ *hose performance 



v 3 



-V, 



3(n + r 2 +.T3 + y 4 )+y- 3 ^ 



(76.7) 

^-esX^ for me 




FIGURE 76.2 General double ladder multiple-feedback 



network. 
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76.3 All-Pole Realizations of the MFB Structure 



Low-Pass Structure : l 

The general form of the second-order ail-pole loW^ pass structure is described by the following 
transfer ratio: 



(76.8) 



By comparing the above requirement with (767) it is clear that both 7, and Y 3 must represent 
conductances. Furmermore, by reviewirig tlie ' req^ements for the denominator, Y y and Y 2 must 
be capacitors, while Y 4 is a conductance. 



High-Pass Structure ^ " " ' " 

The general form of the second-order all-pole high-pass transfer function is 



Hs 2 



(76.9) 



1 TABLE 76.1 MFB All-Pole Realizations. 



Nep^ork, 



r v \bltage Transfer Fatiction '' 




,: s r C,C, ^sC|(Cj.f %V-Gi) + G|G ( 
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With reference to Eq. (76.7), it is seen that both y, and Y t must represent capacitors. There is 
a need for a third capacitor (Y, = sCJ to yield the s 1 term in the denominator function. The 
remaining two elements y> and y 5 , represent conductances. 

Bandpass Structure 

The general form of the second-order all-pole bandpass transfer function is 



Hs 



(76.10) 



Two solutions exist since Y, and Y, can be either capacitive or conductive. Choosing Y, = G 
andy, =±5C, yklds r 4 = jC 4 and y 2 ; are bbm conductahces. ' 
The general forms of the above realizatk>hs s are summarized in table 76.1 [4]. 



76.4 MFB All-Pole Designs 



MFB designs are typically reserved for sections having a pole-Q of 10 or less. One of the reasons 
for this constraint tS the Reliance upon component ratios for achieving'Q. This'can be illustrated 
by consideration of the low-pass structure for which 



v 3 



By comparison with (76.8), 



" 5 2 C 2 C 5 + 5Cs(G, + G 3 + G«) + G,G« 



(76.11) 



y/C 2 C 5 G 3 G 4 

C 5 (G, + G 3 + G 4 ) 



or, in terms of component ratios: 



Q, 




.(76.12) 



Hence, high Q, can only be achieved by means of high component spreads. In general terms, a 
Q p of value n requires a component spread proportional to n 2 . 

Klter design is effected by means- of Coefficient matching. Thus, for the low-pass case 
comparison of like coefficients in (76.8) and the transfer ratio in Table 76.1 yields ' , =- 



G,G 3 = H 
C 2 C 5 = l 



CsCG.+Gj + GJzz^ 

G 3 G 4 = Up 



(76.13) 
(76.14) 

(76.15) 
(76.16) 
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These equations do not yipld an. equai T capacitor solution but can be: solved for equal-resistor 
pairs.: Hence, if G, = G 3 , . ., t : ; . : 

G, = G 3 = V/7 [from (76.13)] r 



Then, 



G 4 ^ ~ .. . [from (76.16)] 



_ \7 <* p VH 1 
u 5 — 



Q p (2H + o>p C 2 



Ah alternative solution for which G 3 = G 4 i$ shown ( in > Table / 742 J together with equal-capacitor 
designs for thfr bandpass and. highfpass ca>es^r c i : : r . , : V »; . 

The conditions [4] for maximum Q p in the bandpass realization require C 3 = G 4 and 
G, = G 2 = nG 5> where n is a real number. This yields a maximum Q 0 ( of v^A and require- 
that h = o> p Q r * L " u ? : \ ' v • : 

3ABLE76.2 Element Valuesvft* the MFB All-Pole-Realfeati6tts T'- ; ^ - 



Htfmcnt (Tabft 76.1) ; * ; "LdW^PSs r 



y, 


u> P 


G, = tf 
G 2 ^2d> p Q p 


V C, = K 
'G 2 =« p (2 + H)Q p 


n 






; - C 3 = l 




G 4 ^.G 3 


c< = Q 


C 4 =C 3 








■6s- 




5 Q p (2u>*+//) 


Q P {2 + H) 



Example 1. Using; the cascade approach, design a four-pole Butterworth bandpass filter having 
a Q of 5, a center frequency of ( 1 .5) kHz, and mi dbandgain of 20 dB. Assume that only 6800 pF 
capacitors are available/ r " • ~^ , - y 

Solution. The lowpass prototype is the second-order Butterworth characteristic having a dc gain 
of 10 (i.e., 20 dB). Thus, < 

The ; fow-pass^t6-ba^ replacing s in (i) by 

5(s + 1/5). This yields the following bandpass function for realization: 



Yo _ 0.4i 2 

V; s 4 + 0.28284s 3 + 2.04s 2 + 0.28284s +1 

-sff, -sH, 

(ii) 



(s 2 + .15142s ; + 1.15218) (s 2 + .13142s + .86792) 
(section 1) (section 2) 
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Q I= Q 2 = 7.089 
to pl = 1.0734 o) p2 = 0.9316 



As expected, the Q-factors of the cascaded sections are equal in the transformed bandpass 
characteristic. However, the order of cascade is still important. So as to reduce the noise output 
of the filter, it is necessary to apportion most of the gain to section 1 of the cascade. Section 
2 then filters out the noise without introducing excessive passband gain. In the calculation that 
follows, it is important to note that the peak gain of a bandpass section is given by HQ/u . 

Since the overall peak gain of the cascade is to be 10, let, this also be the peak gain of section 1. 
Hence, 



= 6.6041/f, = 10 



giving H y s 1.514. 

Furthermore, frbrri (ii): 



H x H 2 =0A 



so that H 2 = 0.264. , 

The design of each bandpass section proceeds by coefficient matching, conveniently simplified 
by Table 76.2. Setting C 3 ;= C 4 = 1 F, the normalized resistor values for section 1 may be 
determined as 

R x = 0.661 ft; R 2 = 0.073 ft; R- = 13.208 ft 
The impedance denormalization factor is determined as - 

' ' io 12 : 



2ir x 1500 x 6800 
Thus, the final component values for section 1 are i 



= 15,603 



C, == C 2 =± 6800 pF 
i?, = 10.2 kft 
R 2 = 1.13 kft 
R 5 = 205 kft 



Standard 1 percent values 



Note the large spread ip resistance, values (R 5 /R 2 - 4Q 2 ) and the fact that this circuit. is only 
suitable for Iow-Q realizations. It should also be noted that the amplifier open-loop gain at o> 
must be much greater than 4Q 2 if it is not to cause significant differences between the design^ 
and measured values of Q. 

The component values for section 2 are determined in an identical fashion. 

Example 2. Design the MFB bandpass filter characterized in Example 1 as a high-pass/low-pass 
cascade of second-orier sections. Use the design equations of Table 76.2 and, where possible, set 
capacitors equal to 5600 pF. It is suggested that you use the same impedance denormalization 
factor in each stage. Select the nearest preferred 1 percent resistor values. 
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Solution. Since the peak gain of the overall cascade is to be 10, let this also be the gain of staged - 
1 (this solution yields the best noise performance). The peak gain of the low-pass section is 
given by 

The overall transfer function (from Example 1) is 

V- 0.4s 2 ' ; ■■ ' - 



V; s 4 + 0.2824s 3 + 2.04s 2 + 0.2824s + 1 
-"- H,H 2 = 0.4 so that H 2 = 0.286 



Thus, assuming a low-pass/high-pass cascade, we have 

1.397 0.286s 3 , 



Cr, fife 



C, = 



s 2 + 0.15145 + 1.1522 s 2 + 0.1314s + 0.8679 
section 1 section 2 

Design the low-pass section (section 1) using Table 76.2 to yield - 

-. • . _ ' ■ ■.•>_• ■;• 

= 1 Jpl, so that «,= 0.7684 ft' 

VI. 15218 

P .\ - Q p = 22-77 P;^ r , 

G 3 = <o p = 1.0733v - so that i/? 3 = 0;9316 ft = R A 
C 5 = 1/C 2 = 0.Q439 F 

Now, design the high-pass section (section 2) ".1 

C; = 0.286 F ^ 

G f 2 = *>,( 2 + H 2 )Q ==. 15 t .0?9, so that = 0.0662 ft 

q = q = iF , _ . 

G * ~ Q^+lfj ='°' 05 ™ iA so ^ ^5 = 17.397 ft 

To obtain as many 5600 pF capacitors as possible, the two sections should be denormalized 
separately. However, in this.example, a single impedance denormalization will be used. Setting 
Q = C; =.560Q pF yields < = 18947. ' • - 
This lead? to the following component Values: ' " : ' 



> i 



Lov^pass stage : : Highness* stage 



K, = 2.204 kO (2.21 kO) ; . CJ = 1602 pF . 

C 2 = 0.128 ^F R f 2 ~ 1.254 Jen (1 .24 k(l) 

* 3 = 17.651 kO (17.8 kn) = R 4 CJ cj 1= 5600 pF 
C 5 9 246 pF ■ ■ « 329.62 kO (332*0) ; 

1 percent .values in parentheses. 
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76 «* Practical Considerations in the Desi gn of MFB Filters 

Sensitivity the effects of finite amplifier gain, and tuning are ail of importance in practical 
designs. The following discussion is based upon the bandpass case. 

Sensitivity 

Taking account of finite amplifier gain A, but assuming *,„ = oo and R, = 0 for the amplifier, 

the bandpass transfer function becomes 

± = - 5G '^( 1 + j) 

I c } c 4 c 4 (i+A)Pl c 3 c 4 } 

which is identical to the expression in Table 76.1 if A = oo. 
Assuming a maximum Q design, 

~ Q P 

Q = 20 2 (76.18) 

1 + — — 
(l+A) 

where Q, is the desired selectivity and 0 Is the actual (^factor in the presence of finite amplifier 
gain. ■■■■ •■ - • j.. •!:.< 



If A » 2Q - 1, the classical Q-sensitivity may be derived as 



S a =~r ' (76.19) 



which is uncomfortably high. By contrast, the passive sensitivities are relatively low: 
while the a> sensitivities are all ±0 5 

Effectof Finite Amplifier Gain / = T f 

TTie effect of finite amplifier gain can be further illustrated by plotting. (76J 18) for 'various 
Q-frctonj and for two commercial dperatioiial 'amplifiers. A&u*ing*' a ^gleipoFe roll-off 
model, the frequency dependence 1 Vf open-loop gain for ^741 and IF351 ahipiifiers is as 

follows. : : v -.r 

Frequency (Hz) . Gain ) 



pA74\ LF351 

10 1,3 x10 s 3.16 x10 s 

100 , io* 3.16 x IO 4 

10 °0 ■ - 10 3 3.16 xlO* 

10000 10 2 3.16x10* 



Figure 76,3 shows the rather ; dramatic fall-off in actual Q as frequency increases (and hence gain 
decr^ses). Thus, for designs of modest Q (note that A » 2Q- 1), a very high quality amplifier 
is needed if the center frequency is more than a few kilohem. Jbr example, the LF351 with a 
unity gam frequency of 4 MHz will yield 6 percent error in Q at a frequency of only. 1 kHz. 



2380 



Active Filters 




frequency (Hz) 



FIGURE 763 Effect of finite amplifier gain on the design Q for MFB .bandpass realizations using two 
commercial operational amplifiers. 

Tuning 

Limited functional tuning of the bandpass section is possible. For example, the midband (peak) 
gain 

. 0 = . • (76 - 20) 

may be adjusted by means of either G, or G 5 . . . . ; 

Subsequent adjustment of either Q p or u p is possible via" <? 2 . In view of the discussion above, 
it is most likehy-that adjustment of Q p will be desired. However, since the expressions ior Q 
and <* p are so similar, any adjustment of Q p is likely *4'>i2qtitae aW iterative procedure td ensure 
that w p does not change undesirably. , . v V ; V 

A $°r e ? tt j^^^ in which itf is ne-zessary 

to pre^rve a constant v 

to, = VG 5 (G, + G 2 )/C 3 C 4 (76.21) 

and 

5 = ~^ = G 5 (C3 + C 4 ) (76.22) 

adjustment of G 2 will allow for a frequency sweep without affecting K 0 or B. 

An,alter,native to functional tuning may be found by adopting deterministic [5] or automatic 
, [6] tuning, procedures. These are particularly applicable to hybHd microelectronic or monolithic 
realizations. : r 
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76.6 Modified Multiple-^ (MMFB) Structure 

In negative feedback topologies such as the MFB, "high" values of Q p are obtained at the 
expense of large spreads in element values. By contrast, in positive feedback topologies such as 
those attributed to Sallen and Re?, Q p is enhanced by subtracting a term from the s l (damping) 
coefficient in the denominator. The two techniques are combined in the MMFB (Deliyannis) 
arrangement [7] of Fig. 76.4. 

Analysis of the circuit yields the bandpass transfer function given by 



t 



V; 



-sC 3 G,(l+Jfc) 



s 2 C,C 4 + s{G s (C, + C 4 ) - kC.G,} + G,G 5 



(76.23) 



r where k = GJG& and the ^.-enhancement tgrm u -kCfi" signifies the presence of positive 
feedback! This latter term is also evident in the expression /or Q p : 




(76.24) 



The design process consists of matching coefficj/e#jts in (76,23) with those of the standard 
bandpass expression of (76.10). The design steps have been conveniently summarized by 
Huelsman [8] "for the equal-capacitor solution and the following procedure is essentially the 
same as that described by him. ~ . ; 

Example 3. Design a second-order bandpass filter. with a center frequency of 1 kHz, a pole-Q 
of 8, and a maximum resistance spread "of 50. Assume that the only available capacitors are of 
value 6800 pF. _ 

1. The above" constraint suggests equal-valued capacitor solution. Thus, set C 3 = C 4 = C. 

2. Determine the resistance ratio parameter n 0 that would be required if there were no 
positive feedback. From Section 76.4, n 0 =,4Q* =t 256. u _ x % r. ■ 




FIGURE 76.4 Modified multiple-loop feedback (MMFB) structure. 
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3. Select the. desired ratio n (where n is greater than 1 but less than 256) and use it to 
d:termine the amount, of positive feedback L Frorn (76.24), .-'Y-" : ■■ .< ' " 

' . Q =_^L ... 

' * ■ 2-kn 

so that 



Since n = 50 arid Q, = 8, k = 0.0316. 
4 R. WU^t 3^Ll^ ^ Se,feCtd ; for ^. If.^'= O0 ; kft, then 
5. Since, from (76.23), 



C,C 4 



Md G1/G5 = ™ "^e may determine G 5 as 

°5 = — -. 

V" 

Since C = 6800 pF, n = 50, and G 5 = l/R s : 

,;V "V ^ ^ 2.10^ x 6:8 xl^ = 1655 ^ 

Hence «, = R 5 / n = 3.31 kH. 
6 - Usin g 1 percent preferred resistor values, we have 

K B = 110 left R A = 3.I6 left 
i? 5 = 16Skft i?, = 3.48kft 

Judicious use of positive feedbadc in the Deliyannis circuit can yiefd bandpass filters with 
Q yalues as high as 15-20 at modest center frequencies. A more detailed discussion of the 
optimization of this structure may be found elsewhere [9J. 

7 Biquadratic; MMFB Structure 

i Ae M . MFB cement, yielding a fully biquadratic transfer ratio is shown 

in Fig 76.5. If the gam functions are realized by res^uve potential dividers, the 

circuit reduces to the more familiar Friend biquad of Fig. 76.6, for which 

V 0 : cs 2 + ds + e 

V = S + as + b <76.25) 




circuit 



...jit ' .".* • \ 

•' i ■ - ...'ii: 5 :'-' 



-L-Li 




where 



;.i:7V" .>->.<^ t^or-j- V : i-^'-i--vi' -: i.-:*'V'. -'tii-^.JLi f ■ 
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R 4 +R 5 * 
R 4 + R s 9 



K 2 = 



Ra = 



Rr 



R C + R D * 
R c Rp 
R c + Ro ; 



K = ^7 

3 R 6 + R 7 

3 *6 + *7 



(76.26) 



This structure is capable of yielding a full range of biquads of modest pole Q, including notch 
ftincbons derived as elliptic characteristics of low modular angle. It was used extensively in the 
Bell System, where the benefits of large-scale manufacture were possible. Using the standard 
tantalum thin film process, and deterministic tuning by means of laser trimming, quite exactine 
rations were possible [10]. The structure is less suited to discrete component realizations 
Although design is possible by coefficient matching, the reader is referred to an excellent 
step-by-step procedure developed by Huelsman (11]. 

76.8 Conclusions 

The multiple-feedback structure is one of the most basic active filter building blocks. It is 
extremely reliable when used to realize low-Q (< 10), low frequency (up to 15 kHz) second- 

25 SeCt, ° nS ° f * C l0W " paSS> bandpass - and Wgh-pass forms. Stability is ensured by the negative 
feedback topology, though component spreads are proportional to Q*. 
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fee^ a e i iS ^ Vanta8e ° fl ^ er C 1 0mp0nent ^ may * reduCed ^ the judicions use of positive 
feedback. Th.s approach may be extended to yield the widely used Friend biquad, whichallows 
the real.zanon of notch and other approximations requiring a pair of irnaginary zeros 

All networks described in this section readily lend themselves to the cascade method for 
realizing higher-order filters. 
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i/WJ J. where T is called the integrator tune constant Analyzing this structure yields 



(77.65) 



which results in 



Vi ~~7r'' Vl (77.66) 



m() -V i = s>T> + sTlC i + K l (77 M) 



Using (77.66), we can immediately derive the voltage transfer ratio V 2 /V, from (77.68): 

' /J M — ^ _ —stlC 2 '' "" .. , 

Bp( } ~vr s>T>+sm 3 + Kl . ^) 

? ina % wth (77.67) we obtain from (77.69) ' \ 

V K 

HM = i = s>T>:+sm 3+Kl C 7 7-70) 

ST. tSSi 1 S 77 ' 25(a> ^ 8 a bandpass filter, 

ana a low-pass filter. The corresponding filter circuit, proposed by Kerwin HuekLn «!a 
Newcomb ,s depicted in Fig. 77.25(b). The integrators LL of one o^p, onfSor" 
and one capaotor C. The time constant is given by T = RC. The Jee 





FIGURE 77.24 Padukone-Mulawka-Ghausi biquad. 



with 



and 



tf 3 (s) = ^QQG.G, + sC 2 (G 7 G 6 G, + G 8 G 2 G 3 - G 8 G 1 G 4 ) 
+ (G 9 G 7 G l0 G 5 + G 9 G l0 G 2 G 5 - G 9 G l0 G 4 G 6 ) 

D(s) = s^C^G, + G 2 G 9 ) + $C 2 (G 7 G 6 G, + G 7 G 8 G 4 ) 
+ (G 9 G 7 G 10 G5 + G 9 G lQ G 7 G 6 ) 



(77.60) 



(77.61) 



The two other output nodes lead to similar transfer expressions. 

The second biquad, which is based on the resonator in Fig. 77.22, was proposed by Padukone, 
Mulawka, and Ghausi [11] and is depicted in Fig. 77.24. Assuming ideal op-amps and choosing 
V 3 as output voltage, we obtain the following transfer function: 



3 V: D(S) 



(77.62) 



with 



and 



N 3 (s) = s 2 [C 2 C 3 (G 2 G 6 - G,G 3 ) + C.QG.G,]. 

+ slC&GsG, - C 3 G 2 G 5 G 7 + CiG^G^ + (G 2 G 4 G 5 G 9 ) 

D{s) = 5 2 (C, + C 3 )C 2 G 2 G 6 + sC&G^G, + G 8 ) 
' + G 2 G 4 G S (G 7 + G 9 ) 



(77.63) 



(77.64) 



It has been shown [11] that the pole sensitivities to all. passive components are not greater 
than unity. The filter section has the main advantage of being particularly insensitive to gain- 
bandwidth variations even when the op-amps are mismatched. 

77.6 State-Variable-Based Biquads 



A frequency used multiple-amplifier biquad is the circuit proposed by Kerwin, Huelsman and 
Newcomb [8). This filter circuit has extreme flexibility, good performance, and low sensitivities 
to the passive components. The filter is based on analog computer structures [13], which are 



Multiple-Amplifier Biquads " * ^ "., 

sumnring amplifier-are deternii^ bjr the four resistors 
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. (77.71) 
* a = 5 + jf0 + £) (77.72) 

Obviously, the integrator time constant T olavs the ml* «f » • i : " . ' 
frequency. Thus, if we re f er ^ frequency varE , I wr normali2ati <» 
normalized low-pass transfer faJST^ " ° ^ ^ ^ *» (77 - 70 > 



*i=< . , r . % ; : - (77,75) 

and 

• ^3=VQp (77.76) 

.iEfem.&ijs fced by ithe^^atiwrf dfetwhsfe fanctjtfni-- s i ' " -< ; n - , ^ 

. .rc-.o. :c':v.:- . -. ,■ : -. ■- ^ -.^^ r-v.- s.i'i 

, ,, •' K:l ~ - 0 ...£■<.; w.-.r .. i . (77.7?) 

with an output amplifier ^ me ^ ?^7S,r^ V??** 

This biquad has been jwposedX bVSn i^^f£^T^ * T^ 50 * 
circuits, the amplifiers^ Kg. 77.^ M ■ hm "* B 

amplifier that realizes the fotfowtag sum! - ^f^^Z^i 77 ^ 3,1 0ut P ut 

X^a^+a^+ir;^- - {7778) 

with • . ,,J" " ; \ij- J -'- ; ■ 

2 *»+rA 1+ rmJ a > = ~t {77J9) 

H( S )^ = ^^^ (77go) . 
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FIGURE 77.26 (a) State-variable filter with output amplifier, (b) output amplifier with inverting and 
noninverting inputs, and (c) output amplifier with three inverting inputs. 

All numerator coefficients have the same sign. Therefore, the zeros of the transfer function are 
'In Ad'left^h set = 0, Lc., if we delete the voltage divider R IV R l4 and ground 

die hbniWefting input terminal of the op-amp, we obtain zeros on the j& axis. 

Whert' designing the biquad, ^ M and R^ may be used to scale the impedance , level of the 
two resistive subnetworks. Then from the three numerator coefficients or from the overall gain 
constant of the transfer nmction, the zejq frequency <o r and the zero Qrfactor Q z we can easily 
determine the remaking /r^^on J2 u /ai^ J?',^ 

The output amplifier in Fig. 77.26(c) has three inverting inpujts. .Simmiing the voltages V„ 
V p and K 3 leads to a : numerator polynomial where the sign of ,'tbe middle coefficient is different 
from the sign of the other two. Thus, the zeros are in the ri"ght-s-half plane. Again* we can 
delete the resistor R l2 to realize zeros on the jco axis. 

A second state-variable biquad circuit proposed by Towand Thomas [3], [16], [17) yields 
siniilar performance to^ that of the Kelr^-Huelsmah^Newcomb It uses a feedback loop 

with one damped integrator, one integrator, and one inverting amplifier; see Fig. 77.27(a). Figure 
77.27(b) shows the Tow-Thomas circuit with three op-amps. 




FIGURE 77.27 (a) Principle and (b) three-op-amp realization of the Tow-Thomas filter. 



Multiple^AmplifieT Biquads 

The damped integrator has a transfer function 



-1 
sT + a 



with r = KC an^I i = R/R Q . The inverting amplifier has a gain 



V 2 K ° 
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(77.81) 



(77.82) 



An anarysis of the circuit in Fig. 77 27(b). with V being, the input voltage and V, the output 
voltage yields a transfer function . „. . 

H, * (s ' = v t (77 - 83) 



with 



1 *2 - _Kq 



(77.84) 



For the design of the filter, fte integrator time constant T serves as a reciprocai normalization 
> frequency. Then, from the' predefined normalized pole frequency we can determine the resistor 
ratio K t , from the pole (^factor tile ratio K Q , and from the dc gain of the filter section the 
ration*. Choosing convenient values for C and R 0 , we finally determine the resistors R, R, R Q 
and R 2 from the parameters 3*. ;'IC£ and a 2 , respectively. 

" THe 'filter circuit 'in Kg; 77.26- requires an additional bp^amp to realize a transfer function 
with a general second-degree numerator polynomial An alternative method is to feed fractions 
Of ^,input ; signd fpr«^d hto ffie mput of each op^amp. This is realized in the multiple-input 
Tow^oinas'biqoad & H & %7-28. tfie transfer fimction of thb circuit can be calculated 



with JT 0 , a 2 , and K Q as defined in (77.84) •and'- 



R 

otv= 



ct; = 



*4 



(77.85) 



(77.86) 



Thus, arbitrary numerator ^coefficients can be pre<jiescribed. In particular, if we choose a, = 
a 4 = 0 we obtain the low-pass filter circuit in Fig. 77.27Cb) and the transfer function in <77:83). 



-vw 




FIGURE 77.28 Generalized Tow-Thomas biquad. 
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FIGURE 77.29 Noninvcrting integrator using an additional 
op-amp to compensate for phase lag. 




*4 




FIGURE 7730 Akerberg-Mossberg biquad 




FIGURE 7731 Berka-Herpy biquad. • 



When the state-variable filters descrir^ed above are used to realize high^ 
Q practically obtained is usually higher than that desired in the design. This effect is called Q 
enhancement and is caused by the phase lag introduced by the nonideal op-amps. One way to 
solve this problem is to use integrators with phase compensation. 

figure 77.29 shows a honinverting integrator with an additional op-amp for phase lag 
compensation. A detailed description of this circuit can be found in [7]. Putting this noninverting 
integrator together with an inverting integrator in a feedback loop results in a resonator with 
a Q-factor that is almost independent of the gain-bandwidth product of the op amps. Thus, 
nearly no Q enhancement occurs. 

Exactly this feedback loop is used in the Akerberg-Mossberg biquad [1]; see Fig. 77.30. In 
this circuit, a noninverting integrator with phase lag compensation together with an inverting 
damped integrator is connected as a feedback loop. More details about this filter section can be 
found in [1], [6], [7]. 

Finally, let us consider the general biquad proposed by Berka and Herpy [2]; see Fig. 
77.31. This biquad is also based on a state-variable representation and requires a second-order 
differentiator and a damped integrator. One of the main advantages of this circuit are the 
extremely low sensitivities. A detailed description of the filter circuit and its design can be found 
in [6]. 

77.7 All-Pass-Based Biquads 

Finally, we will briefly consider two circuits that are based on first-order all-pass sections. Figure 
77.32 shows the classical filter circuit introduced by Tar my and Ghausi [15]. 



